Introduction {#Sec1}
============

The number of people diagnosed with diabetes worldwide has more than doubled since 1980 to nearly 350 million \[[@CR1]\]. The rise in prevalence of diabetes has been particularly rapid in Japan and is likely to have been fueled by changes in lifestyle \[[@CR2]\]. In Japanese medical practice there is an increasing use of combination therapy with multiple antidiabetic drugs in the treatment of type 2 diabetes mellitus (T2DM) \[[@CR3]\]. Frequently an alpha-glucosidase inhibitor is a part of this treatment regimen. Voglibose is an oral antihyperglycemic agent of the alpha-glucosidase inhibitor class that is widely used in the management of T2DM in Japan \[[@CR4]\]. Voglibose undergoes minimal systemic absorption and primarily functions within the gastrointestinal tract to decrease and delay the intestinal absorption of carbohydrate \[[@CR5]--[@CR7]\].

Dapagliflozin is a first-in-class selective sodium-glucose cotransporter 2 (SGLT2) inhibitor under development for the treatment of T2DM that improves glycemic control by reducing the reabsorption of glucose in the kidney and enhancing the urinary excretion of excess glucose \[[@CR8], [@CR9]\]. As with voglibose, the mechanism of action of dapagliflozin is independent of insulin secretion or action and efficacy, and its safety has been evaluated in a broad range of patients with T2DM as a monotherapy \[[@CR10], [@CR11]\] and as an add-on to metformin, glimepiride, pioglitazone, sitagliptin, and insulin \[[@CR11]--[@CR17]\]. Both dapagliflozin and voglibose effectively control postprandial blood glucose excursions in patients with T2DM \[[@CR18], [@CR19]\]. Thus, the co-administration of dapagliflozin with voglibose could potentially provide a complementary approach to glycemic control.

Predictable dose-proportional pharmacokinetic and pharmacodynamic parameters with dapagliflozin have been demonstrated in both Japanese and non-Japanese subjects \[[@CR20]--[@CR22]\]. Dapagliflozin is metabolized via the uridine diphosphate-glucuronosyltransferase 1A9 pathway to an inactive metabolite, dapagliflozin 3-O-glucuronide \[[@CR23]\]. No clinically significant drug--drug interaction has been observed in patients when dapagliflozin was administered in combination with some commonly employed antihyperglycemic agents (metformin, pioglitazone, glimepride, or sitagliptin) \[[@CR24]\] or other agents that are commonly used in patients with T2DM (warfarin, simvastatin, valsartan, and digoxin) \[[@CR25]\].

Due to the differing pharmacokinetics of each treatment no drug--drug interaction was anticipated between dapagliflozin and voglibose. However, due to the possible future co-administration of dapagliflozin with voglibose in Japan, the aim of the study reported here was to assess the potential for drug--drug interaction between dapagliflozin and voglibose in Japanese patients with T2DM. As voglibose is not orally absorbed, only the effect of voglibose on the plasma pharmacokinetics of dapagliflozin was studied.

Materials and Methods {#Sec2}
=====================

Subjects {#Sec3}
--------

An open-label, multi-center, drug--drug interaction study was conducted to assess the effect of voglibose \[0.2 mg thrice daily (t.i.d.)\] on the pharmacokinetics, safety and tolerability of dapagliflozin administered as a single oral dose (10 mg) to Japanese patients with T2DM. The study was performed in accordance with the Declaration of Helsinki and is consistent with ICH/Good Clinical Practice, applicable regulatory requirements, and the AstraZeneca policy on Bioethics and Human Biological Samples. All subjects provided written informed consent.

Male or female subjects ≥20 years of age were eligible for entry into the trial if they had a clinical diagnosis of T2DM, were already on voglibose treatment with a steady dosage for at least 8 weeks (one change in voglibose dose to 0.2 mg t.i.d. was permitted up to 4 weeks before study commencement), had a fasting C-peptide \>1.0 ng/mL (0.33 nmol/L), fasting plasma glucose levels ≤180 mg/dL, and glycated hemoglobin (HbA~1c~) levels ≤8.5%. Women of child-bearing potential were required to have had a negative urine pregnancy test and to be using an adequate method of contraception throughout the study and for up to 4 weeks after the study.

Key exclusion criteria included a diagnosis of type 1 diabetes mellitus, a history of diabetic ketoacidosis, a calculated creatinine clearance \<50 mL/min (calculated by Cockroft-Gault formula), urine albumin:creatinine ratio \>1,800 mg/g (\>203.4 mg/mmol), severe hepatic insufficiency and/or significant abnormal liver function defined as aspartate aminotransferase (AST) more than three-times the upper limit of normal (ULN) and/or alanine aminotransferase (ALT) more than three-times the ULN, total bilirubin \>2.0 mg/dL (\>34.2 μmol/L), congestive heart failure defined as New York Heart Association (NYHA) class III and IV, unstable or acute congestive heart failure, significant cardiovascular history within the past 6 months prior to the screening visit (defined as: myocardial infarction, unstable angina pectoris, transient ischemic attack, unstable, or previously undiagnosed arrhythmia), cardiac surgery, or revascularization (coronary angioplasty or bypass grafts), or cerebrovascular accident, systolic blood pressure (BP) ≥170 mmHg and/or diastolic BP ≥100 mmHg as an average value or creatine kinase more than three-times the ULN.

Study Design {#Sec4}
------------

The study consisted of two pharmacokinetic sampling periods (Fig. [1](#Fig1){ref-type="fig"}). In period 1, each patient (already on a stable dose of 0.2 mg t.i.d. voglibose) took a single oral dose of 10 mg dapagliflozin on Day 1 together with voglibose (0.2 mg t.i.d.) and plasma samples (3 mL) were collected serially at predetermined time points for up to 72 h after the dose for pharmacokinetic assessment. Voglibose was administered just before each meal. This was followed by a dapagliflozin and voglibose washout period of 7 days. In period 2, a single oral dose of 10 mg dapagliflozin was administered without voglibose and no voglibose was taken until after the last blood sampling for pharmacokinetic assessment on study Day 14. Plasma samples were collected at regular intervals for up to 72 h following each dapagliflozin dose for pharmacokinetic assessment of dapagliflozin.Fig. 1Flow chart of study design. *PK* pharmacokinetics

Pharmacokinetic and Pharmacodynamic Evaluation {#Sec5}
----------------------------------------------

Noncompartmental pharmacokinetic parameters for dapagliflozin were derived using WinNonlin^®^ Version 5.2.1 (Pharsight Corporation, Mountain View, CA, USA) from plasma concentration versus time data and comprised area under the plasma concentration versus time curve from time 0 to infinity (AUC~0-inf~), maximum observed plasma concentration (*C*~max~), time to *C*~max~ (*t*~max~) and half-life (*t*~½~).

Blood Sampling and Drug Analyses {#Sec6}
--------------------------------

Samples (3 mL) for dapagliflozin analysis were collected in di-potassium ethylenediaminetetraacetic acid (K~2~EDTA) tubes and were then shipped on dry ice and placed in approximately −20 °C storage until analyzed (Atlanbio, Cedex, France). Dapagliflozin concentration in plasma was analyzed within the known period of stability by high-performance liquid chromatography tandem mass spectrometry (HPLC--MS) methodology after solid phase extraction (Atlanbio). The lower limit of quantification of dapagliflozin in plasma was 1.0 ng/mL and the upper limit of quantification was 500.0 ng/mL. Run-to-run variability as described by between-run and within-run coefficients of variation (% CV) were 6.5 and 7.5, respectively.

Safety Assessments {#Sec7}
------------------

Laboratory variables, vital signs, and 12-lead electrocardiogram (ECG) were monitored throughout the study. Adverse events (AEs) were collected and summarized using the Medical Dictionary for Regulatory Activities (MedDRA version, version 14.0) vocabulary.

Statistical Analysis {#Sec8}
--------------------

All pharmacokinetic and safety data were summarized by dosing condition using descriptive statistics. The pharmacokinetic variables AUC and *C*~max~ were log-transformed before analysis. They were analyzed using a mixed effect analysis of variance model, including the dosing condition (with voglibose or without voglibose) as a fixed effect and patients as a random effect. Estimates and confidence intervals (CIs) of the difference between the dosing conditions were first constructed in the log scale. Then the estimates and CIs of the ratio of geometric means between the dosing conditions in the original scale were obtained by taking anti-logarithms. The estimates and two-sided 90% CIs of the ratio of geometric means were presented for: AUC (with voglibose)/AUC (without voglibose) and *C*~max~ (with voglibose)/*C*~max~ (without voglibose). Lack of pharmacokinetic drug--drug interaction was concluded if the CI fell within 0.80--1.25 for the AUC and *C*~max~ of dapagliflozin.

Sample Size Rationale {#Sec9}
---------------------

With 20 patients, the two-sided 90% CIs for ratios of AUC (with voglibose)/AUC (no voglibose) and *C*~max~ (with voglibose)/*C*~max~ (no voglibose) would fall within 0.8 and 1.25 with power over 99 and 90%, respectively, if voglibose had no true effect on AUC and *C*~max~ of dapagliflozin and assuming that within-subject standard deviation of the log(AUC) and log(*C*~max~) was 0.095 and 0.2024, respectively. Two (10%) additional subjects were included to account for possible dropouts.

Results {#Sec10}
=======

Subject Disposition and Demographics {#Sec11}
------------------------------------

All 22 patients enrolled in the study were Japanese. Thirteen of the patients were male and nine were female. The median age of the patients was 55 years and the median body mass index (BMI) was 25.7 kg/m^2^ (Table [1](#Tab1){ref-type="table"}).Table 1Subject demographics and baseline characteristicsGender, *n* (%) Male13 (59.1) Female9 (40.9)Race, *n* (%) Asian22 (100%)Age, years Median (range)55 (31--69)Weight (kg) Median (range)67.3 (49.7--109.5)BMI, kg/m^2^ Median (range)25.7 (20.7--39.1)*BMI* body mass index

Pharmacokinetics {#Sec12}
----------------

The mean dapagliflozin plasma concentration--time curves following the single dose of dapagliflozin (10 mg) alone and in combination with voglibose (0.2 mg t.i.d.) are illustrated in Fig. [2](#Fig2){ref-type="fig"}. The mean plasma concentration profiles of dapagliflozin over time were similar when dapagliflozin was administered alone and in combination with voglibose. No meaningful effect (as defined by the Japanese Pharmaceutical and Medical Safety Bureau Notification No. 813, 2001 \[[@CR26]\]) of voglibose on dapagliflozin exposure was observed (Table [2](#Tab2){ref-type="table"}). The percent differences in geometric means of the AUC~0-inf~ and *C*~max~ with and without voglibose were less than 5%. Furthermore, the entirety of the two-sided 90% CIs for the ratio of geometric means of the AUC and *C*~max~ with/without voglibose fell within the prespecified "no-effect" range of 0.80--1.25. *t*~max~ and oral plasma clearance were also similar when dapagliflozin was given alone or in combination with voglibose. Dapagliflozin *t*~½~ was slightly higher when dapagliflozin was administered together with voglibose.Fig. 2Dapagliflozin plasma concentrations following treatment with or without voglibose. *SD* standard deviationTable 2Pharmacokinetic parameters for dapagliflozin alone and in the presence of vogliboseParameterNGeometric meanCV%MedianMinMaxRatio of geometric means (90% CI)*C*~max~ (ng/mL)Combination2218729.51851013421.040 (0.899, 1.204)Dapagliflozin2218028.019182.3301AUC~0-inf~ (ng\*h/mL)Combination2155428.15542901,0401.009 (0.954, 1.067)Dapagliflozin2053921.7524376764*t*~½~ (h)Combination2117.971.921.35.7552.5NCDapagliflozin2013.950.213.77.5133.2Plasma clearance (L/h)Combination2118.028.118.19.6034.4NCDapagliflozin2018.621.719.113.126.6*t*~max~ (h)Combination22----0.5000.4831.50NCDapagliflozin22----0.5000.4674.02*AUC*~*0*-*inf*~ area under the plasma concentration versus time curve from time 0 to infinity, *C*~*max*~ maximum observed plasma concentration, *NC* not calculated, *t*~½~ half-life, *t*~max~ time to *C*~max~

Three subjects (one subject during treatment with dapagliflozin and voglibose combination and two subjects during treatment with dapagliflozin alone) were excluded from the evaluation of the AUC, plasma clearance and *t*~½~ due to the low reliability of the extrapolated portion of the AUC from the last measurable point to infinity i.e., the extrapolation ratio of AUC for the relevant subjects was \>20%.

Safety {#Sec13}
------

Dapagliflozin (10 mg) was found to be well tolerated by the subjects with T2DM in this study when administered alone or co-administered with voglibose. There were no serious adverse events, discontinuations of the investigational product due to adverse events, or any other significant adverse event in the study.

Five AEs (gingivitis, paresthesia oral, edema peripheral, bronchitis and pollakiuria) were reported in five patients (one patient in the pharmacokinetic sampling period 1: dapagliflozin with voglibose, one patient in the drug treatment washout period and three patients in the pharmacokinetic sampling period 2: dapagliflozin only). Three AEs were considered to be related to treatment (one during the washout phase and two during the dapagliflozin-only treatment phase). All observed AEs were mild or moderate in intensity. No treatment-related trends were observed in clinical laboratory results, vital sign measurements, physical examination findings, or 12-lead ECG evaluation in either study.

Discussion {#Sec14}
==========

Numerous factors can affect the bioavailability and intestinal absorption of orally administered drugs, and among them is an elevation of gastrointestinal carbohydrate levels \[[@CR27]\]. Orally administered voglibose is poorly absorbed by the gastrointestinal tract \[[@CR5], [@CR6]\], and the persistence of carbohydrates in the gastrointestinal tract following the inhibition of α-glucosidases with voglibose may potentially affect the absorption of other orally administered drugs. Voglibose also increases gastrointestinal motility, which could conceivably affect the absorption of concomitantly administered oral agents due to a shortened intestinal transit time \[[@CR28]\].

This study was performed to evaluate whether the administration of voglibose would affect the total exposure to dapagliflozin. Previously, a lack of clinically relevant interaction was observed between dapagliflozin and the oral antidiabetic agents metformin, pioglitazone, glimepiride and sitagliptin \[[@CR24]\]. The 10 mg dose of dapagliflozin was chosen as the highest expected usual dose for T2DM patients based on the results of several phase three studies and the dose of voglibose administered in this study (0.2 mg t.i.d.) is a commonly utilized dose in clinical practice in Japan.

Results from this study indicate that there is no clinically meaningful pharmacokinetic drug--drug interaction between dapagliflozin and voglibose in Japanese patients with T2DM. The exposure to dapagliflozin (as measured by the AUC~0-inf~ and *C*~max~) after a single oral dose of dapagliflozin 10 mg was not influenced by concomitant doses of voglibose (0.2 mg t.i.d.). The median *t*~max~ and plasma clearance were similar between treatments. Dapagliflozin *t*~½~ was slightly longer in the presence of voglibose, although this was not considered clinically relevant.

Mean changes in dapagliflozin exposure were less than 5% with voglibose co-administration, and dapagliflozin appeared to be safe and well tolerated by the subjects in this study when administered as a single oral dose of 10 mg alone or when co-administered with voglibose.

Thus, the absorption of dapagliflozin across the gastrointestinal epithelium appears unaffected by the enhanced gastrointestinal levels of carbohydrate and increased gastrointestinal motility observed in the presence of voglibose. A clinically meaningful drug--drug interaction between dapagliflozin and voglibose appears unlikely and these results support the co-administration of dapagliflozin and voglibose without dose adjustment of either agent.

A potential limitation of the present study is that it was performed solely in patients of Japanese ethnicity. However, the results are still likely to be applicable to patients of other ethnicities, because voglibose has minimal systemic absorption from the gastrointestinal tract regardless of ethnicity and dapagliflozin shows similar pharmacokinetics in Japanese and non-Japanese subjects \[[@CR20]--[@CR22]\].

It is interesting to speculate regarding the additional glycemic benefits that may be gained by reducing glucose absorption across the gastrointestinal tract with voglibose, while at the same time reducing renal glucose reabsorption and increasing the elimination of glucose in the urine with dapagliflozin. This could provide a complementary and insulin-independent approach to glycemic control, which is likely to be associated with a low risk of hypoglycemia. In the present study no episodes of hypoglycemia were noted.

Conclusion {#Sec15}
==========

Both voglibose and dapagliflozin effectively control the rapid postprandial excursions observed following high carbohydrate meals \[[@CR18], [@CR19]\] and together could potentially provide an effective approach to improving glucose spikes in patients with T2DM. To date, however, there are no clinical studies evaluating combination therapy with dapagliflozin and voglibose. Additional studies would be required to evaluate the effects of voglibose on the pharmacodynamics and efficacy of dapagliflozin.
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